Soil Nitrogen (N) gaseous losses have environmental and economic implications. Ammonia (NH 3 ) volatilization and nitrous oxide (N 2 O) emissions from a volcanic soil were concurrently quantified using intact lysimeters, 
Introduction
Ammonia (NH 3 ) and nitrous oxide (N 2 O) are the most important gaseous losses generated by agriculture.
Ammonia volatilization influence the formation of acid rain, acid particulate matter, and smelly odors (Luo et al. 2007) , and is also indirectly linked to N 2 O and global warming (Erisman et al. 2007) ; N 2 O is a potent greenhouse gas (GHG) and contributes to the depletion of the ozone layer (IPCC, 2006) .
The use of urease (UI) and nitrification inhibitors (NI)
has been tested worldwide in grasslands and crops, using fertilizers or organic amendments (e.g. animal manures) on soils, as mitigation option (e.g. Luo et al. 2010; Forrestal et al. 2016) . While UI slow urea hydrolysis and reduce the accumulation and volatilization of NH 3 (Tomar et al. 1985) , NI inhibit the first stage of nitrification, the oxidation of NH 4 + to NO 2 -by action on the Nitrosomonas sp., which prolongs the NH 4 + form in the soil and reduces N 2 O emissions and NO 3 -leaching (e.g. Di and Cameron, 2006; Hatch et al. 2005) . Studies by Rao and Puttanna (1987) showed that the use of NI can also lead to N loss through NH 3 volatization. This suggests that the action of NI is conditioned by edapho-climatic factors.
Of the UI globally studied, the most used is N-(n-butyl) thiophosphoric triamide (NBPT). Of the NI, dicyandiamide (DCD), has become the most widely used for its efficient inhibition of nitrification (Trenkel, 1997) .
However, various studies have indicated that DCD's efficacy at reducing N loss from N 2 O emissions and NO 3 -leaching is variable (e.g. Davies and Williams, 1995, Cahalan et al., 2010) . Additionally, DCD has been shown to be strongly affected by soil type, which could be related to soil organic matter content and its microbiological activity (Cahalan et al. 2015) .
Soils of Southern Chile have high organic matter (OM) concentration (c.>10% to 50%), and recent studies have shown that NH 3 volatilization would be the main pathway for N losses in these soils (Salazar et al. 2012a (Salazar et al. , 2014 , with a low contribution of N 2 O (Vistoso et al. 2012; Hube et al. 2017) , low N leaching (Salazar et al., 2012b) , and also low nutrient losses following dairy slurry application (Huertas et al., 2016) . However, there is little information on the use of nitrogen (N) inhibitors in Chilean volcanic grassland soils, and lack of studies with concurrent measurements of both gases, which would contribute to determine the 'swapping effect' occurring between them. The study aimed to evaluate simultaneous gaseous (NH 3 and N 2 O) losses following the application of urea and dairy slurry, alone or in combination with N inhibitors in a volcanic grassland soil.
Material and Methods
Intact soil cores (0-15 cm) were collected in small PVC lysimeters for gas measurements (9.7 cm internal diameter, 20.0 cm height). The soil was collected at a grassland site from an Ultisols (Typic Hapludult, Soil Survey Staff, 2014) , at San Juan de la Costa, Los Lagos Region, Southern Chile (39° S; 73° W), having a clay texture, more than 1 depth, 15.6% ± 0.82 OM concentration, water pH of 5.7 ± 0.03, and a bulk density of 0.9 ± 0.01 g cm -3 . The soil had no N application in the year prior to the sampling. Table 1 . General characteristics (± standard error of the mean) of dairy slurry used in the experiment (n=4).
*Dry weight basis; **fresh weight basis
The dynamic chambers using for measuring NH 3 were similar to those used in previous studies (e.g. Chad- where high peaks were observed immediately after dairy slurry application and dropped quickly up to day two were emissions rates were similar to the control treatment. Urea treatments shows a different emission pattern compared to dairy slurry treatments, with low losses immediately following urea application to soil and with high rates from day one to six.
Cumulative NH 3 emissions after urea application varied from 3.5 ± 0.25 to 4.3±0.25 g N-NH 3 m -2 , which was equivalent to c. 35% to 43% of the total N applied (with and without N inhibitors) being much higher than those observed for dairy slurry and control (N-0) treatments, respectively (P<0.01; Table 2 ).
Cumulative N 2 O emissions were higher in the Dairy slurry treatment, with and without DCD (54.2±9.85
, on average; Table 2 ). The use of DCD 
Discussion
Volatilization of NH 3 was the main pathway of N loss in this volcanic soil, in agreement with previous results (Salazar et al. 2014) , with loss rates peaking within one to three days after dairy slurry or urea, respectively, for surface applications to grasslands (Figure 1 ). In addition, most of the N 2 O loss occurred within six days following application. Therefore, mitigation options for grasslands, especially for NH 3 , should be focusing in early periods after surface N application.
Ammonia losses were much higher on urea treatments compared to the dairy slurry or control treatments.
The low NH 3 loss observed when using dairy slurry, based on total N, could be associated to its low N-NH 3 content (25.7% ± 1.0% of the total N), which is common from grazing dairy systems (Salazar et al., 2007) and due the diluted composition of the dairy slurry, which can then rapidly infiltrate into the soil, reducing the potential for NH 3 loss (Smith and Chambers, 1995) . Additionally, the high soil moisture conditions prevalent during the experiment could have further reduced the potential for NH 3 loss. although these studies results were higher than those reported after an autumn N fertilizer addition on an
Andisol of Southern Chile (Vistoso et al. 2012) . This was probably because the current experiment was carried out at 80% WFPS, providing anaerobic conditions beneficial for denitrification. Additionally, the efficacy of DCD has been shown to be affected by soil type (Cahalan et al. 2015) with higher degradation rates of DCD in soils with higher organic matter concentrations, such as that used in the current experiment (15.6% ± 0.86).
Ammonia volatilization was 164 and six times greater than losses as N 2 O for Urea and Dairy slurry, respectively (Table 1) . Moreover, NH 3 has been recognized as N 2 O precursor (Erisman et al. 2007) , so that in the (Denmead et al. 1977) and the small wind tunnels methods (Lockyer 1984) on permanent grasslands in Southern Chile have shown that NH 3 volatilization ranged from 1.4 to 26.7% of the N applied as urea, being the main pathway for N losses on grassland soils (Salazar et al. 2012a; Salazar et al. 2014) , grazing systems (Nuñez et al. 2010) , and from livestock production systems (Muñoz et al., 2016) , probably contributing more to GHG emissions from grassland soils than direct N 2 O emissions. Studies in this area have also shown a low contribution of N losses by nitrate leaching (Salazar et al. 2012b) and Vistoso et al. 2012; Hube et al. 2017) .
The inhibitor DCD could be adopted as a mitigation option in soils to reduce N 2 O losses when using urea or dairy slurry in volcanic soils, in agreement with studies reported worldwide (e.g. Saggar et al. 2009 ).
However, according to a meta-analysis carried out by Kim et al. (2012) nitrification inhibitors could have a variable effect on NH 3 losses following urea application, with most studies reporting a significant increase on NH 3 loss.
The use of NBPT should be further evaluated, with no N loss reduction in this study but reported reductions of N losses between c. 60-80% when using urea+NBPT compared to urea in field studies carried out in the same area (Salazar et al. 2014 ) and in grasslands experiments in Ireland (Forrestal et al. 2016) . Further evaluations should consider the analysis of NBPT soil degradation or inactivation in soils with high organic matter concentrations. Additionally, meta-analysis and field experiments indicate that the use of NBPT, although with a minor effect on emissions, could benefit nitrogen use efficiency in crops (Akiyama et al. 2010; Hube et al. 2017) , that effect could have been missed under the controlled conditions and the short evaluation period of the current experiment.
Conclusions
Ammonia volatilization was the main N loss, with 35 to 43% and 5% to 16% of the total and available N 
